INTRODUCTION
For cells to change gene expression and adapt to new conditions, mRNAs need to be secluded from the translating pool or degraded through decay pathways. It is believed that mRNAs undergoing translation are protected from decay; recent evidence has shown, however, that the interplay between mRNA degradation and translation is likely more complex (Roy and Jacobson, 2013) . Multiple lines of evidence suggest that elongating ribosomes limit mRNA decapping, a crucial first step in their degradation (Parker, 2012) . In contrast, recent evidence from a handful of Saccharomyces cerevisiae mRNAs has shown that they can be decapped and undergo 5 0 -3 0 exonucleolytic decay while associated with ribosomes (Hu et al., 2009 ). To date, it remains unclear whether this constitutes co-translational degradation and what its genome-wide implications would be.
The removal of mRNAs from the translating pool can either be transient, through sequestration in P-bodies or stress granules, or permanent, through degradation (Decker and Parker, 2012) . Two general cytoplasmic mRNA degradation pathways exist: degradation of mRNA molecules from the 5 0 end by 5 0 -3 0 exonucleolytic decay (Hsu and Stevens, 1993; Muhlrad et al., 1994) and from the 3 0 end by 3 0 -5 0 exonucleolytic decay (Anderson and Parker, 1998) . In addition, there are multiple specialized RNA degradation pathways for the elimination of faulty mRNAs, such as nonsense-mediated decay, no-go decay (endonucleolytic RNA cleavage), and non-stop decay (reviewed in Parker, 2012; Roy and Jacobson, 2013) . Under normal conditions, shortening of the poly(A) tail, followed by decapping and subsequent 5 0 -3 0 exonucleolytic decay mediated by exonucleases like Xrn1, is the predominant mRNA degradation pathway (Parker, 2012) . This sequence of steps gives rise to transient 5 0 monophosphorylated (P) mRNA degradation intermediates with a shortened but present poly(A) tail. These RNAs, which we refer to here as 5 0 P mRNA degradation intermediates, can be readily isolated from cells and analyzed to measure RNA decay activity in vivo. Here, we systematically analyzed all polyadenylated RNAs, each bearing different 5 0 ends, to obtain a characterization of RNA decay.
Most poly(A) RNAs in cells had been assumed to be capped and to function as templates for translation. There are, however, other forms of RNA in cells that could be associated with ribosomes. Four populations of polyadenylated RNAs exist with different 5 0 ends: capped, triphosphorylated, monophosphorylated (5 0 P), and hydroxylated (5 0 OH). Triphosphorylated RNAs have not yet been subjected to a capping reaction; 5 0 P mRNAs are products of exo-or endo-nucleolytic cleavage, while 5 0 OH mRNAs arise mainly from chemical cleavage. All of these classes have been assumed to be absent or of extremely low abundance in cells, although genome-wide characterization of degradation intermediates has been largely lacking. Previous characterizations of RNA degradation focused on identifying mRNA endonucleolytic cleavage sites using mutants with defective 5 0 -3 0 RNA degradation in plants ( Addo-Quaye et al., 2008; German et al., 2008; Gregory et al., 2008) and yeast (Harigaya and Parker, 2012) . In addition, it had been assumed that 5 0 P mRNA degradation products that are present in wild-type samples arise from a random degradation process from which no biological information can be extracted.
In comparison to decay, our understanding of translation is more advanced due to numerous studies of ribosomal occupancy on mRNAs. Genome-wide approaches, such as polyribosome fractionation followed by analysis of ribosome-bound mRNAs using microarrays (Arava et al., 2003) or sequencing (Ingolia et al., 2009) , have yielded immense insights. Ribosome profiling (Ingolia et al., 2009) , a method in which polyribosomes are purified and subjected to in vitro RNA digestion and high-throughput sequencing, has revealed ribosomal footprints genome-wide. This method has been applied from bacteria to humans to study stress response (Gerashchenko et al., 2012) , cellular differentiation Ingolia et al., 2011) , and details of the translation process itself, such as ribosomal pausing (Li et al., 2012) and the rescue of stalled ribosomes (Guydosh and Green, 2014) . Despite its potential to measure subcodon resolution ribosome protection, in vitro sample-processing steps limit its ability to accurately reveal in vivo dynamics of ribosomes. Translation inhibitors, such as cycloheximide (CHX), are utilized to arrest ribosomes and to freeze them in their positions during the extensive in vitro sample processing steps (e.g., RNA extraction, sucrose fractionation, and RNase I footprinting) . In the case of yeast, ribosome profiling has been attempted without the use of an inhibitor; but this does not solve the problems caused by in vitro handling, and ribosomes can also run off the mRNA if no inhibitor is present to freeze them in place (Lareau et al., 2014) . For these reasons, rapid and complementary approaches to infer ribosome dynamics in vivo would be valuable.
Here, to study mRNA turnover genome-wide, we developed 5 0 P sequencing (5PSeq), which identifies 5 0 P molecules that are a product of enzymatic decay in cells. This method turned out to also be effective for measuring ribosomal dynamics. By investigating the frequency distribution of 5 0 P positions of mRNA degradation intermediates in vivo, we discovered a characteristic three-nucleotide (3-nt) periodicity pattern in the coding region. Through extensive experimental testing, we show that this pattern is caused by general 5 0 -3 0 mRNA co-translational decay. We infer that the exonuclease XRN1 follows the last translating ribosome, producing a progressive in vivo footprint of its 5 0 position. By studying translation regulation in budding yeast upon oxidative stress, we reveal novel tRNA-specific ribosomal pause sites and delayed translational termination. Thus, our 5PSeq approach provides a rapid and complementary method to measure ribosome dynamics in vivo, avoiding artifacts caused by translation inhibitors. Finally, by applying it to Schizosaccharomyces pombe, we demonstrate that co-translational decay is conserved, and that our method can be generally applied to any RNA sample, including those previously isolated.
RESULTS

Quantifying mRNA Degradation Intermediates
We identified transcripts that belong to three populations of polyadenylated RNAs in S. cerevisiae cells with different 5 0 ends: capped, 5 0 P, or 5 0 OH ( Figure S1A ). To characterize these RNAs, we selectively captured polyadenylated RNAs using oligo-dT reverse transcription coupled with modifications of oligo-capping (Pelechano et al., 2013 (Pelechano et al., , 2014 . Specifically, (1) we identified 5 0 cap molecules by first dephosphorylating all 5 0 P degradation intermediates using calf intestinal phosphatase (CIP), rendering them unable to ligate in subsequent steps, followed by treatment with tobacco acid pyrophosphatase (TAP) to remove the cap. In this approach, only previously capped molecules present a 5 0 P that can undergo single-stranded RNA ligation ( Figure 1A ). (2) Separately, 5 0 P molecules were identified by directly performing an RNA ligation step. (3) To identify the composite of both populations (5 0 cap and 5 0 P), the CIP treatment was omitted, and after TAP treatment, both previously 5 0 cap and 5 0 P molecules were subjected to ligation (Figures 1A and S1B). We also attempted to profile 5 0 OH mRNA molecules, which are chemical cleavage products, by treatment with a 5 0 P-specific 5 0 -3 0 exonuclease, followed by the phosphorylation of the remaining 5 0 OH molecules ( Figure S1B ). Due to the low abundance of such products in cells, 5 0 OH mRNA molecules were not detectable in our samples.
In comparison to the composite of the 5 0 P and 5 0 cap populations, we estimated that 5 0 P degradation intermediates represent $12.4% of the cellular polyadenylated mRNA population. The ends of the 5 0 P mRNA molecules were heterogeneously and reproducibly distributed along gene bodies ( Figures 1B  and S1 ). To our surprise, although the distribution appeared random in the 5 0 and 3 0 UTRs, it was periodic within coding regions, with a clear 3-nt periodicity ( Figures 1C and 1D ). This immediately suggested that the translation process could be implicated.
The Frequency Distribution of 5
0 P mRNA Ends Implicates Translation To characterize this pattern further, we performed metagene analysis with respect to the open reading frames (ORFs). When aligning the 5 0 P reads based on the stop codons of all ORFs, we observed clear 3-nt periodicity, with a large accumulation 17 nt upstream of the stop codon ( Figures 1D and 2A ). To rule out that this pattern was due to any underlying RNA sequence bias, we performed control experiments in which randomly fragmented RNA samples were re-phosphorylated and subjected to 5PSeq ( Figure S1B ). As expected, no periodic, 3-nt pattern was observed in these controls (Figure 2A ). Thus, sequence context does not explain the observed pattern. It is known that a ribosome occupies a 28-to 29-nt footprint on the mRNA, of which the 5 0 end position lies 15-16 nt upstream of the A site (Ingolia et al., 2009; Lareau et al., 2014) . Therefore, the 17-nt peak upstream of the stop codon corresponds roughly to the size of the footprint that a ribosome occupies on the RNA when terminating translation at the stop codon (Ingolia et al., 2011) . Therefore, we investigated whether ribosomes paused at the stop codon could be protecting mRNAs undergoing degradation and lead to the accumulation of 5 0 P mRNA degradation intermediates. One possibility is that the detected mRNA degradation intermediates originate from 5 0 -3 0 mRNA decay (Parker, 2012; Stevens and Maupin, 1987 ) that occurs co-translationally. The prevalence of the 3-nt periodicity pattern suggests that co-translational degradation could be a general process affecting much of the transcriptome. In this model, the mRNA degradation machinery (putatively, the 5 0 -3 0 exonuclease, Xrn1) could closely follow the last ribosome, producing a single-nucleotide-resolution in vivo footprint. We reasoned that this footprint could potentially provide information about ribosome dynamics and the translation status of the cell. To investigate the potential causative role of ribosomes in shaping 5 0 P degradation intermediates, we dissected the abundance and frequency distribution of 5 0 P molecules in multiple conditions, where the presence and position of both the ribosome and the 5 0 -3 0 exonucleolytic machineries have been perturbed.
Ribosome Occupancy Conditions 5
0 Ends of Degradation Intermediates To assess whether the observed pattern is due to in vivo ribosomal footprinting involving 5 0 -3 0 degradation, we performed 5PSeq in a strain in which the cytoplasmic 5 0 -3 0 RNA exonuclease Xrn1 is deleted. The 3-nt pattern is completely absent in an xrn1D strain, and there is a clear accumulation of 5 0 P molecules mapping to the transcription start site at both the metagene and single-gene levels, resembling the distribution of 5 0 cap molecules . Thus, in the absence of Xrn1, mRNAs can be decapped but not trimmed; therefore, they do not produce an in vivo ribosomal footprint.
We also inhibited ribosome elongation with CHX. As expected, a 5-min treatment with CHX increased the observed 3-nt periodicity pattern in the ribosome-protected frame (i.e., comparing 5 0 P reads in frame 1 with respect to frame 0 and 2; Figures 2B and 2D) , as well as the amount of obtained 5PSeq library products. These data are consistent with CHX arresting translation elongation, blocking access of the 5 0 -3 0 RNA exonuclease, and increasing the accumulation of 5 0 -3 0 RNA co-translational degradation intermediates.
To confirm that our 5PSeq-measured degradation intermediates are bound by ribosomes, we carried out polyribosomal sucrose fractionation and extracted both polysome and monosome fractions. We extracted RNA from these two ribosomebound fractions and applied 5PSeq to each. A clear 3-nt periodicity pattern was visible in these samples (Figures 2B and S2B) . The observed peak profiles were very similar to the ones obtained from RNA extracted from whole cells after CHX treatment, which is required for polyribosomal sucrose fractionation ( Figure 2D ). These data confirm that 5PSeq-measured degradation intermediates are bound by ribosomes.
Since our 5PSeq approach involved the enrichment of polyadenylated mRNA degradation intermediates, we assessed whether the subpopulation of degradation intermediates with at least partially remaining poly(A) tails after mRNA deadenylation was the only one preferentially co-translationally degraded. Thus, we repeated the same experiment, but performing an rRNA removal step instead of the poly(A) enrichment step, and obtained comparable results, reproducing a 3-nt periodicity pattern that was increased by CHX treatment ( Figure S2C ). Taking all this into account, the data suggest that a substantial fraction of the detected 5 0 P mRNA degradation intermediates, whether polyadenylated or not, originate from general co-translational 5 0 -3 0 mRNA degradation. CHX does not inhibit translation initiation or termination, and even in the case of translation elongation, it allows one complete translocation cycle before blocking the ribosome by binding to its E-site (Pestova and Hellen, 2003; SchneiderPoetsch et al., 2010) . Thus, even if a ribosome pauses at the stop codon in vivo, treatment with CHX would not prevent the ribosome from running off the mRNA in vitro. Consequently, treatment with CHX reduces the 5PSeq peak 17 nt upstream of the stop codon both in our 5PSeq (Figures 2D and S2C) and in ribosome-profiling experiments (Gerashchenko et al., 2012) (Figure S2D ). Notably, when ribosome profiling was attempted in the absence of CHX in mouse cells, the peak upstream of the stop codon was observed, suggesting that CHX treatment causes its disappearance (Ingolia et al., 2011) . However, in recent yeast ribosome-profiling data without CHX addition (Guydosh and Green, 2014; Lareau et al., 2014) , this peak was not seen, possibly due to differences during the in vitro sample-processing steps.
We then analyzed the patterns surrounding the start codon. We observed a clear 3-nt pattern near the start codon after CHX treatment. However, when studying the protection pattern surrounding the start codon in a drug-free environment, we observed a very weak 3-nt periodicity pattern (Figures 2D and S2E) . Instead, a distinct 3-nt pattern emerged only gradually over the course of $300 nt downstream from the start codon (blue line in Figures 2E, 2F , and S2G). This is likely because decapping is rate limiting and thus makes it difficult for the exonuclease to catch up with the ribosome near the translation start site. Consistent with this interpretation, when translation elongation is limited after oxidative stress or treatment with the histidine biosynthesis inhibitor 3-amino-1,2,4-triazole (3-AT) (discussed later), the 3-nt pattern emerges closer to the start codon ( Figure 2E ). This effect is more pronounced after CHX treatment, which completely blocks translation elongation, producing a pattern around the translation start codon almost identical to the one observed during ribosome profiling ( Figures  2D and S2D ). This suggests that the typical ribosome accumulation pattern observed in ribosome profiling around the start codon, both at the metagene ( Figure 2D ) and individual gene levels ( Figure 2C ), is mainly a secondary effect of the drug. These results are in agreement with the known ability of CHX to cause accumulation of ribosomes over the first few codons of an ORF. This is due to the inhibition of translation elongation by the drug in the presence of continuing initiation of new ribosomes onto the mRNA (Gerashchenko and Gladyshev, 2014; Ingolia et al., 2011) . Therefore, alternative ribosome-profiling approaches omitting the addition of CHX prior to cell harvesting have been explored (Guydosh and Green, 2014; Lareau et al., 2014) . These approaches greatly decrease the accumulation of ribosomes over the first few codons ( Figure S2H ); however, a pattern can still be observed at the start codon, suggesting that translation initiation may still occur in vitro during the extensive sample handling steps.
5PSeq and ribosome-profiling measure two related but distinct pools of RNA molecules. 5PSeq measures mRNAs undergoing 5 0 -3 0 co-translational degradation in vivo, and ribosome profiling measures the ribosome-protected fragments from in vitro RNA digestion. Surprisingly, the addition of CHX produces a 5PSeq pattern remarkably similar to that obtained from ribosome profiling; however, small differences exist (Figures 2D and S2D) . 5 0 P degradation intermediates, produced by in vivo ribosome footprinting by Xrn1, are displaced by 2 nt with respect to those produced by in vitro digestion performed with RNase I in ribosome profiling (Gerashchenko et al., 2012; Ingolia et al., 2009) (Figure 2F ). This difference is likely explained by different accessibilities of the two enzymes, as well as by the fact that 5PSeq measures mRNA degradation products naturally produced in cellular environments, while in ribosome profiling, digestion occurs in a purified polyribosomal fraction, from which most cellular components have been eliminated.
The clear 3-nt periodicity pattern surrounding the translation start site upon CHX treatment further confirms that the ribosome-protected frame determines the abundance of specific 5 0 P mRNA degradation intermediates. Additionally, it suggests that a brief treatment with a translation inhibitor, followed by 5 0 P sequencing, is sufficient to experimentally identify translation start sites. Collectively, we conclude that general co-translational degradation of mRNAs determines the 3-nt periodicity pattern among 5PSeq products and that these patterns enable inference of ribosome dynamics.
Changes in 5
0 P mRNA Degradation Intermediates Mimic Translational Regulation We investigated whether particular groups of genes are preferentially targeted by co-translational 5 0 -3 0 mRNA degradation. We computed a codon protection index as a self-controlled measure of the degree of co-translational degradation for each gene ( Figure 3A ). This codon protection index reflects the strength of the 3-nt periodicity pattern (i.e., the difference between the ribosome-protected frame and other frames) independent of read number. We identified groups of genes with significantly deviant codon protection indices for both poly(A)-enriched or rRNA-depleted samples ( Figures S3A and S3B ). Genes associated with translation (adjusted p < 4 , 10 À19 ), have lower codon protection indices, suggesting that their degradation is less often associated with active translation ( Figure S3A ), while genes involved in transcription showed high degrees of co-translational degradation.
To estimate the proportion of mRNA molecules that undergoes co-translational degradation (where Xrn1 speed is limited by ribosomes), we compared the codon protection index in the absence of ribosomes (assumed median = 0, random fragmented sample) with the codon protection index resulting from CHX treatment (which blocks ribosomes and thus enforces a maximal rate of co-translational degradation, median = 1.228; Figure 3A ). Since the median codon protection index from 5PSeq is 0.536, this analysis suggests that at least 34% of degradation intermediates reflect co-translational degradation (Supplemental Experimental Procedures).
Altogether, on an individual gene basis, co-translational degradation is not correlated with translation rate as measured by ribosome profiling (Gerashchenko et al., 2012) (Figures S3C  and S3D ) or by polyribosome fractionation followed by microarray hybridization (Arava et al., 2005) (Figures S3E-S3G ). However, the change in translation rate between two conditions is captured in all three data types. For this analysis, we measured the change in 5 0 P mRNA intermediates normalized by the mRNA abundance in response to oxidative stress (5 min in 0.2 mM H 2 O 2 ). We compared these data to those from the matching ribosome-profiling experiment (Gerashchenko et al., 2012) and found a reasonable correlation between both methods (Spearman correlation, 0.34; Figure 3B ). This was striking, especially considering that 5PSeq captures the subpopulation of transcripts undergoing co-translational degradation, while ribosome profiling focuses on mature mRNAs. Although there are method-specific differences, shared gene categories can be identified as differentially regulated using both methods. Specifically, upon oxidative stress, genes related to ribosome biogenesis and translation increased their ribosome protection, and exonuclease (xrn1D, in pink), or after random fragmentation (5PSeq control, dotted light blue line). The blue peak at À17 nt corresponds to the protection of a putative termination-paused ribosome. Reads are represented in rpm (reads per million), and biological replicates are merged. (B) 3-nt periodicity pattern, displayed by histograms with the total number of reads overlapping each of the three frames along coding regions for 5PSeq in YPD (blue), random fragmentation (light blue), xrn1D strain (pink), and after CHX treatment for isolated monosomes (yellow), polyribosome fractions (green), or total RNA (in purple).
(C) Genome tracks of 5 0 ends of 5 0 P molecules after CHX treatment (in red), standard growth in YPD for a wild-type strain (in blue) and for xrn1D (in purple). genes related to budding and cell cycle decreased their ribosome protection ( Figures S3H and S3I) . At first glance, this observed increase in ribosome protection of translation-related genes could appear contradictory to previous reports, where transcription has been reported to be downregulated in response to stress (Gasch et al., 2000) . However, it is important to note that both ribosome profiling and 5PSeq measure ribosome protection and not necessarily protein production. Previous reports have shown that brief H 2 O 2 stress promotes polyribosome association but does not necessary lead to increased protein production (Shenton et al., 2006) . Specifically, Shenton et al. (2006) showed that, in addition to the expected inhibition of translation initiation, short H 2 O 2 stress causes a reduction in the rate of ribosomal run-off that is consistent with an inhibition of translation elongation or termination. Our results not only support these conclusions but also offer a new opportunity to identify where this putative translation elongation or termination regulation occurs (discussed later). Additionally, our results indicate that translational regulation affecting mRNAs rapidly impacts the subpopulation of mRNAs undergoing co-translational degradation (i.e., the ones measured by 5PSeq). Taken together, we conclude that changes in abundance of 5 0 P degradation intermediates inform us of upstream variation in ribosome occupancy and could potentially be used as a proxy for the study of translational regulation.
Inferring Ribosome Dynamics from 5
0 P mRNA Degradation Intermediates The main advantage of 5PSeq is that it allows the study of in vivo codon-specific ribosome protection patterns in a drug-free environment and without complex sample manipulation or in vitro RNA digestion. Our metagene analysis showed an accumulation of 5 0 P molecules corresponding to ribosomal pausing at the stop codon (i.e., UAA, UAG, and UGA) (Figures 2A and 4A) . In addition, we found a clear pause site corresponding to the rare proline codon CCG and an arginine codon CGA that decreases translation efficiency due to wobble decoding (Letzring et al., 2010) (Figures 4A and 4B ; Figure S4A ). CHX treatment, which allows one complete translocation cycle before blocking the ribosome (Pestova and Hellen, 2003; Schneider-Poetsch et al., 2010) , diffuses this CCG codon protection pattern ( Figure  S4B ). Thus, CCG pausing cannot be detected with conventional ribosome profiling using CHX ( Figure S4C ). However, CCG pausing can be detected if CHX is omitted in ribosome-profiling experiments (Lareau et al., 2014) (Figure S4D) .
We also detected a sharp accumulation of 5 0 P molecules 4 nt downstream of the start codon in untreated wild-type and CHXtreated samples but not in negative controls (Figures 2D and  S2E ). Considering the ribosomal footprint, this position corresponds to the seventh amino acid. Thus, the 5 0 P accumulation signal suggests a generalized pause associated with the addition of the amino acid at this position. It is known that certain genes encode peptides containing arrest sequences that interact with the ribosome exit tunnel and arrest their own translation, often in an environmentally regulated manner (Ito and Chiba, 2013; Wilson and Beckmann, 2011) . Our results identify a subtle but generalized pause specifically associated with peptides containing serine at the second position (a pattern given as MSxxxxx; E value, 3.3 , 10 À148 analyzed by MEME) (Bailey et al., 2009; Figures 4C and S4E) . To further confirm that 5PSeq can detect translational pause sites in vivo, we induced widespread accumulation of ribosomes at histidine codons by treating yeast with 3-AT (Guydosh and Green, 2014; Klopotowski and Wiater, 1965) . We compared cells grown in minimal defined media (SD), minimal media without histidine (SD ÀHis), and minimal media without histidine and treated with 3-AT (SD ÀHis +3AT). We saw increased pausing at all histidine codons after histidine depletion ( Figure 4D) . Additionally, the pausing was so extreme that, especially with 3-AT treatment, peaks corresponding to two or even three ribosomes in close proximity to one another appeared upstream of histidine codons. These chains of sterically blocked ribosomes are in agreement with the disome particles recently detected by modified ribosome profiling, using the dom34D mutant involved in the dissociation of stalled ribosomes (Guydosh and Green, 2014) , and have also been seen in response to amino acid starvation (Subramaniam et al., 2014) . These findings also suggest that, for strongly translated genes, in vivo pausing by steric interference among ribosomes translating the same mRNAs could be common.
Oxidative Stress Causes tRNA-Specific Translation Pauses Dependent on the RNase Rny1p
We then applied 5PSeq to address the question of how translational dynamics are altered by oxidative stress. Previous studies have found a slower rate of ribosomal runoff after oxidative stress, which is consistent with the inhibition of either translational elongation or termination (Shenton et al., 2006) . How such regulation occurs is not known. After a 5-min H 2 O 2 treatment, an accumulation of 5 0 P degradation intermediates appears $30 nt upstream of ribosomes paused at the stop codon (À50 and À47 nt relative to the stop codon) ( Figure 5A ). This accumulation suggests that, in response to oxidative stress, there is a generalized translational pause at termination, generating disomes. In addition to the pause at the stop codon, we identified clear ribosome elongation pausing sites at all aspartic acid codons (GAU and GAC) and at most serine codons (especially UCU, UCC, AGU and AGC) (Figures 5B-5D ; Figure S5 ). These pauses are lost upon the addition of CHX, both for 5PSeq and for ribosome profiling ( Figures 5C and S5A ), suggesting that the generalized translational inhibition caused by CHX is sufficient to mask naturally occurring ribosome-pausing sites. This is consistent with reported difficulties in detecting ribosomal pausing via ribosome profiling (Tarrant and von der Haar, 2014) . Additionally, the pausing observed for CGA and CCG codons in normal conditions ( Figure 4A ) is lost upon oxidative stress ( Figure 5B ). As the identified pauses do not affect all codons encoding each amino acid (e.g., UCG and UCA encoding for serine; Figures 5D and S5C ), this process is likely regulated by the availability of charged tRNAs rather than by amino acid abundance.
Previous reports have shown that, in response to oxidative stress, Rny1, a vacuolar RNase of the T(2) family, is released into the cytoplasm, and tRNAs are cleaved (Thompson et al., 2008; Thompson and Parker, 2009 ). Therefore, we repeated our 5PSeq experiment in an rny1D strain. In this mutant, the tRNA-specific pauses were lost ( Figure 5E ). This suggests that Rny1 (or the RNA fragments derived from its action; Thompson and Parker, 2009 ) is required for the observed novel ribosome pausing during stress. In addition, the fact that the rny1D strain presents a decreased physiological resistance to oxidative stress (Thompson et al., 2008) suggests that these codon-specific translation pauses are important for cellular adaptation to oxidative stress. To investigate whether tRNA-specific pauses are common in response to stress, we also analyzed 5PSeq data from cells in the stationary phase (i.e., saturated culture after 3 days of growth). In this condition, we did not observe codon-specific translational pauses ( Figure S5B ) but rather a massive accumulation of ribosomes paused at the stop codon ( Figure 5F ). This suggests that the mechanism used to limit translation in the stationary phase (i.e., long-term repression) follows a different strategy than the one used for the rapid translational repression exerted after oxidative stress.
Co-translational mRNA Degradation Is Evolutionarily Conserved
To determine whether co-translational degradation is evolutionarily conserved, we performed 5PSeq in evolutionarily distant fission yeast (S. pombe). We observed the same 3-nt 5 0 P pattern, and it was enhanced by the addition of CHX (Figure 6 ). The observed pattern is subtler than in the case of S. cerevisiae. However, the fact that CHX treatment enhances and random fragmentation completely destroys the protection pattern, suggests that co-translational degradation (C) Metagene representing both the average coverage (black line) and gene-specific coverage (blue heatmap) for cells grown after CHX treatment. Only genes with at least ten reads in the displayed regions were considered. Genes were sorted by the ratio of reads at 4 nt (red dotted line) to the reads corresponding to the surrounding ±2 codons. To identify specific peptide sequences, the first eight amino acids of the top 50% of genes were compared to the bottom half using MEME (Bailey et al., 2009 ). (D) Metagene displaying the abundance of 5 0 P reads with respect to histidine codons for 5PSeq of cells in synthetic defined media (SD, in black), SD media without histidine (in blue), and SD media without histidine treated with 3-AT (in red). At À17, À47, and À77 nt, dotted red lines corresponding to the expected 5 0 endpoints of protection by a ribosome, disome, or trisomes halted at the histidine codon are displayed.
Cell 161 is an evolutionarily conserved process. Thus, our method could be widely used to investigate ribosome dynamics in other species. To determine whether the preferential co-translational degradation of specific gene categories is also conserved, we analyzed codon protection indexes for S. pombe and compared them to our S. cerevisiae data. We found that translation-related genes have a low codon protection index in both species; therefore, their degradation is less often associated with active translation. Other categories related to cell division and vesicle transport tended to have a higher codon protection index in both species, implying that their RNA is more frequently cotranslationally degraded (Table S1 ). These data suggest that the preferential use of co-translational degradation for specific groups of genes is conserved throughout evolution.
DISCUSSION
Here, we show that 5 0 P mRNA degradation intermediates are widespread and that co-translational 5 0 -3 0 decay is a general and conserved process that produces an in vivo ribosomal footprint. By measuring the relative abundance of 5 0 P mRNA degradation intermediates, we obtained a genome-wide drug-free measurement of ribosome dynamics, overcoming previous limitations caused by the use of translation inhibitors. The distribution of 5 0 P ends (Figure 2) indicates that there is a pronounced general pausing of ribosomes at stop codons and that this pattern is lost upon the addition of CHX (Figure 2 ). The accumulation of 5 0 -3 0 mRNA degradation intermediates corresponding to the products produced by stalling at the stop codon is consistent with previously unexplained accumulation of Xrn1, detected by RNA crosslinking (CRAC), at the same position ( Figure S2I ) (Tuck and Tollervey, 2013) .
It has been proposed that translation rates are lower at the 5 0 end than in the body of coding regions, leading to the relative accumulation of ribosomes toward the 5 0 end (Tuller et al., 2010 (Tuller et al., , 2011 . This hypothesis has been supported by results of ribosome profiling, which indicated a greater concentration of ribosomes in the 5 0 half of ORFs (Ingolia et al., 2009 ). Other studies have suggested, however, that such accumulation is caused by different factors, such as RNA secondary structure (Bentele et al., 2013; Yang et al., 2014) , or confounding factors, such as the rapid initiation of short genes (Shah et al., 2013) . Our results support neither hypothesis and rather suggest that the accumulation of paused ribosomes in the 5 0 region of genes is due to a secondary effect of the translation inhibitor used or due to continued ribosome initiation during sample handling ( Figures 2C and S2) . We show that, by decreasing translation elongation, as occurs with the use of translation inhibitors, the accumulation of 5 0 -located ribosomes increases. Additionally, we detected fewer ribosomes in the 5 0 region, which is consistent with faster, rather than slower, elongation at the beginning of genes ( Figure 2E ). As 5PSeq reveals the ribosome footprint of the last elongating ribosome, the relative depletion of ribosomes in the 5 0 region is also compatible with the requirement for a minimum distance between the cap and the last trailing ribosome for efficient decapping and Xrn1-dependent mRNA trimming.
Our results show that the use of absolute values of experimentally measured ribosome protection data should be treated with caution. This is especially true when deriving kinetic models and when using translation inhibitors (Gerashchenko and Gladyshev, 2014; Ingolia et al., 2009) . Even when ribosome profiling is performed in the absence of drugs, ribosomes can elongate for 50 codons during sample processing (Lareau et al., 2014) . Nonetheless, CHX-treated samples are useful for identifying translation start codons and translation rates (Ingolia et al., 2011; Lee et al., 2012) .
We have shown that co-translational mRNA degradation is a general and conserved process affecting all genes. Only highly translated genes, and especially genes associated with translation, are less often co-translationally degraded ( Figure S3 ). Changes in the abundance of 5 0 P degradation intermediates undergoing co-translational degradation between two conditions parallel the changes observed for the translation of 5 0 cap mRNA molecules ( Figure 3B ). Thus, 5PSeq can be used as a complementary approach to the study of changes in ribosome association, especially in cases where it is not possible to apply methods such as ribosome profiling (Ingolia et al., 2009) , or polyribosome fractionation (Arava et al., 2003) .
The main advantage of 5PSeq is that it allows the determination of the position of the last translating ribosomes on multiple mRNAs from the same gene and thereby provides a drug-free measurement of their movements. We have detected ribosome accumulation at rare codons that could not be detected by previous methods ( Figures 4A, 4B , and S4). We have also shown the existence of a generalized translational elongation pause at the seventh amino acid ( Figures 4C and S4E) , which is consistent with an interaction of the nascent peptide with the ribosome exit tunnel (Ito and Chiba, 2013; Wilson and Beckmann, 2011) . Recently, the existence of a sequence-independent post-initiation pause at the fifth amino acid has been reported (Han et al., 2014) . The authors suggested that this pause results from the interaction of the nascent peptide with the ribosome exit tunnel (i.e., RPL4). They also suggested that this constitutes a general pause required to ensure elongation commitment. When analyzing ribosome-profiling data, we detected a similar pause at the fourth and fifth codon positions ( Figure S2D ); however, with 5PSeq, the pause is even clearer and is displaced downstream by two codons (Figures 2D and S2E ). Analyzing the seventh amino acid pause, we discovered that peptides containing a serine at the second position are more likely to induce this transient translational halt. Further research will be necessary to understand the structural cause of this pause and its biological significance.
We have identified codon-and terminator-specific ribosome pauses, which likely explain the transient accumulation of translationally inactive polyribosome fractions (Shenton et al., 2006 ). Since we observed that alternative codons for the same amino acid are differentially regulated, this process is likely controlled at the level of charged tRNA availability rather than at the level of amino acid abundance (Figures 5 and S5) . The fast response that we detected (i.e., 5 min) is too rapid to be explained by changes in tRNA synthesis, as tRNAs have a half-life in the range of hours (Rudra and Warner, 2004) . Our data show that Rny1, a vacuolar RNase of the T(2) family, is required for the tRNA-specific ribosomal pausing that we found upon oxidative stress. Further research will be necessary to determine whether Rny1, or the RNA fragments derived from its action, causes these translational pauses. The existence of tRNA-specific pauses shows that codons encoding for the same amino acid can be independently regulated. Synonymous codons, therefore, offer different evolutionary advantages, especially for adaptation to changing environments. Independently of that, the existence of a fast translational response highlights the need for methods such as 5PSeq that allow rapid kinetic experiments without the need for in vitro incubation steps. Finally, we have demonstrated the applicability of 5PSeq for the study of ribosome dynamics in other organisms, such as S. pombe (Figure 6 ). This highlights evolutionary conservation of co-translational degradation. Further research is needed to study to what degree this process is conserved in higher eukaryotes.
Notably, the prevalence of the 5 0 P co-translational degradation intermediates that we observed here could have implications, even for previous studies. For example, cellularly abundant 5 0 P molecules are likely contaminants in most genome-wide measurements of RNA secondary structure that include a single-stranded RNA ligation step (Ding et al., 2014; Kertesz et al., 2010) . Studies using PARS (Kertesz et al., 2010) or structureseq (Ding et al., 2014) have described analogous 3-nt periodicity patterns (reviewed in Mortimer et al., 2014) but interpreted them to reflect RNA secondary structure. However, in these studies, the authors did not consider the possibility that 5 0 P molecules with a defined biological origin (not random) could be present in the samples. This would be especially relevant in regions with less prominent structure and where potential 5 0 P contamination could lead to erroneous attribution of structural readouts, such as the 3-nt pattern of 5 0 P ends caused by ribosome protection. To disentangle the effects of RNA structure from those of ribosome protection, these approaches (reviewed in Mortimer et al., 2014) might benefit from a pretreatment with a 5 0 P-specific exonuclease prior to sample treatment or library construction.
Here, we presented a rapid and straightforward approach to study ribosome dynamics in vivo by measuring natural mRNA degradation intermediates. This approach can be applied to different organisms and to any previously isolated RNA samples. By examining ribosome dynamics, we can uncover new layers of translational regulation, distinguish those acting at the level of translation termination or elongation through specific codons, and improve the understanding of how complex biological systems respond to external stimuli.
EXPERIMENTAL PROCEDURES Growth Conditions and Sample Preparation
Saccharomyces cerevisiae strains BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0), xrn1D (xrn1D::kanMX4, BY4741 background), and rny1D (rny1D:: kanMX4, BY4741 background) were grown using YPD or Complete Synthetic Media (CSM). Schizosaccharomyces pombe (hÀ) was grown using YES media. All samples were collected by centrifugation and frozen in liquid N 2 . Total RNA was isolated by the standard phenol extraction, and DNA was removed by DNase I treatment. For CHX treatment, CHX was added to 0.1 mg/ml final and incubated either 5 or 30 min. For 3-AT treatment, we used strain S96 (MATa lys5D gal2D, S288c background) grown in CSM-His. For polyribosome fractionation, CHX-treated samples were separated using a 10%-50% sucrose gradient.
Preparation of Sequencing Libraries
For the construction of 5 0 -specific sequencing libraries, we used 10 mg of DNA-free total RNA for the 5 0 cap libraries and 50-100 mg for the 5 0 P libraries (5PSeq). To select the 5 0 modification of interest, we performed different treatments on the initial sample (schematized in Figure S1A ). After the initial library-specific treatment, all protocols converged in the same RNA ligation step and downstream library construction. For 5PSeq, samples were directly subjected to RNA ligation. Poly(A)-enriched (or rRNA depleted) RNA was fragmented and reverse transcribed using random hexamers. cDNA molecules containing the 5 0 ligated oligo was captured with Streptavidin beads and used to generate Illumina-compatible sequencing libraries. Detailed information is provided in the Supplemental Experimental Procedures.
Sequence Analysis
Sequencing read analysis was performed using R and Bioconductor (http:// www.bioconductor.org/). 5 0 ends of reads passing quality filtering were collapsed to unique molecules (based on random barcodes) for further analysis. Detailed information is provided in the Supplemental Experimental Procedures, in Tables S1, S2 , S3, S4, and S5, and at http://steinmetzlab.embl.de/ 5PSeq/.
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